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APPARATUS HAVING A PHOTONIC 
CRYSTAL 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This application is related to co-pending and commonly 
assigned application Ser. No. 11/046,587 ?led on the same 
day herewith by Herbert T. Etheridge III, Henry D. LeWis 
and Carol M. McConica and entitled “Apparatus Having a 
Photonic Crystal.” 

BACKGROUND 

Description of the Art 

As the demand for cheaper and higher performance 
electronic devices continues to increase there is a groWing 
need to develop higher yield loWer cost manufacturing 
processes for electronic devices especially in the area of 
optical devices. In particular there is a demand for higher 
performance as Well as improved ef?ciency in lighting 
technology. 

Although incandescent lamps are inexpensive and the 
most Widely utiliZed lighting technology in use today, they 
are also the most inefficient lighting source in regards to the 
amount of light generated per unit of energy consumed. An 
incandescent lamp Works by heating a ?lament, typically 
tungsten, to a very high temperature so that it radiates in the 
visible portion of the electromagnetic spectrum. Unfortu 
nately, at such high temperatures the ?lament radiates a 
considerable amount of energy in the non-visible infrared 
region of the electromagnetic spectrum. 

If these problems persist, the continued groWth and 
advancements in the use of opto-electronic devices, espe 
cially in the area of photonic crystals, in various electronic 
products, Will be reduced. In areas like consumer electron 
ics, the demand for cheaper, smaller, more reliable, and 
higher performance electronics constantly puts pressure on 
improving and optimiZing performance of ever more com 
plex and integrated devices. The ability to optimiZe lighting 
performance efficiency Will open up a Wide variety of 
applications that are currently either impractical, or are not 
cost effective. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1a is a perspective vieW of a portion of a substrate 
having spheres disposed thereon according to an embodi 
ment of the present invention. 

FIG. 1b is a cross-sectional vieW of a portion of the 
substrate shoWn in FIG. 1a. 

FIG. 10 is a cross-sectional vieW of a portion of a substrate 
according to an alternate embodiment of the present inven 
tion. 

FIG. 2a is a perspective vieW of a colloidal crystal formed 
on a cylindrically shaped substrate according to an alternate 
embodiment of the present invention. 

FIG. 2b is a cross-sectional vieW along 2b~2b of the 
colloidal crystal shoWn in FIG. 211. 

FIG. 3a is a perspective vieW of a colloidal crystal formed 
on the outer surface of a tubular shaped substrate according 
to an alternate embodiment of the present invention. 

FIG. 3b is a cross-sectional vieW along 3b~3b of the 
colloidal crystal shoWn in FIG. 3a. 
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2 
FIG. 30 is a cross-sectional vieW of a colloidal crystal 

according to an alternate embodiment of the present inven 
tion. 

FIG. 4 is a perspective vieW of an incandescent source 
according to an embodiment of the present invention. 

FIG. 5 is a perspective vieW of an incandescent source 
according to an alternate embodiment of the present inven 
tion. 

FIG. 6a is a perspective vieW of a portion of a colloidal 
crystal according to an embodiment of the present invention. 

FIG. 6b is a perspective vieW of a portion of an inverse 
opal crystal according to an alternate embodiment of the 
present invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

This invention is directed to various photonic structures 
utiliZing colloidal crystals. The present invention includes a 
Wide variety of photonic structures formed on, over or both 
on and over curved surfaces including, for example, Wires 
and ?ber optic cables. Photonic crystals, typically, are spa 
tially periodic structures having useful electromagnetic 
Wave properties, such as photonic band gaps. Photonic 
crystals, for example, having the proper lattice spacing, offer 
the potential of improving the luminous ef?cacy of an 
incandescent lamp by modifying the emissivity of the tung 
sten ?lament. Such a ?lament, incorporated into a photonic 
crystal or encircled or surrounded by a photonic crystal, 
Would emit a substantial fraction of its radiation in the 
visible portion of the spectrum and little or no light in the 
non-visible portions such as the infrared portion of the 
electromagnetic spectrum. Since many ?laments, including 
spirally Wound ?laments, utiliZed as incandescent sources 
have a large degree of cylindrical symmetry the ability to 
form photonic crystals on curved surfaces provides for 
simpler manufacturing processes to make incandescent light 
sources, having a loWer cost, and a higher luminous effi 
ciency. In addition, such a colloidal crystal may also be 
formed on an optical ?ber to deter loss of light at desired 
Wavelengths. 

It should be noted that the draWings are not true to scale. 
Further, various elements have not been draWn to scale. 
Certain dimensions have been exaggerated in relation to 
other dimensions in order to provide a clearer illustration 
and understanding of the present invention. In particular, 
vertical and horiZontal scales may differ and may vary from 
one draWing to another. In addition, although some of the 
embodiments illustrated herein are shoWn in tWo dimen 
sional vieWs With various regions having height and Width, 
it should be clearly understood that these regions are illus 
trations of only a portion of a device that is actually a three 
dimensional structure. Accordingly, these regions Will have 
three dimensions, including length, Width, and height, When 
fabricated on an actual device. 

Moreover, While the present invention is illustrated by 
various embodiments, it is not intended that these illustra 
tions be a limitation on the scope or applicability of the 
present invention. Further, it is not intended that the embodi 
ments of the present invention be limited to the physical 
structures illustrated. These structures are included to dem 
onstrate the utility and application of the present invention 
to presently preferred embodiments. 
An embodiment of apparatus 100 employing the present 

invention is illustrated, in a perspective vieW, in FIG. 1a. In 
this embodiment, apparatus 100 includes substrate 120 that 
includes at least a portion of the substrate forming convex 
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surface 112 over Which photonic crystal 102 is disposed. In 
addition, the photonic crystal is formed substantially con 
formal to convex surface 112 as illustrated in the cross 

sectional vieW along lbilb in FIG. 1b. In this embodiment, 
spheres 122 may be disposed on any substrate having 
essentially a convex surface. Examples of such substrate 
structures include, but are not limiting as to the nature of the 
present invention, rod-like substrates, cylindrically shaped 
substrates, tubularly shaped substrates, conically shaped 
substrates, and substrates having a closed surface such as the 
outer surface of a sphere. In still other embodiments, various 
layers such as an adhesive layer or other layer having 
particular optical or dielectric properties may be disposed 
betWeen substrate 120 and photonic crystal 102. Photonic 
crystal 102, as illustrated in FIGS. lailc is What is com 
monly referred to as a colloidal crystal or opaline crystalline 
array. The colloidal crystal is formed utiliZing spheres 122. 
In alternate embodiments, photonic crystal 102 may also 
form What is commonly referred to as an inverse opal 
structure Where interstitial volume 124 betWeen the spheres 
is in?ltrated and ?lled With a second material With the 
optional subsequent removal of spheres 122. Typically, the 
optional removal of the spheres after in?ltration is com 
pleted Will depend on Whether the interstitial material has a 
higher refractive index than the spheres. In those cases 
Where it is higher then the spheres need not, but may, still be 
removed. Generally, photonic crystal 102 Will be formed 
utiliZing multiple layers of spheres having typically a close 
packed geometry, as illustrated in a cross sectional vieW in 
FIG. 10, forming a face centered cubic crystalline structure 
(FCC), a hexagonal close packed structure (HCP), or other 
randomly stacked polycrystalline structure With each sphere 
predominantly touching six other spheres in one layer. 
HoWever, in alternate embodiments other structures also 
may be utiliZed including, for example, simple cubic, body 
centered cubic and tetragonal packing. Further, in some 
embodiments, a single layer of spheres may be desirable. In 
those embodiments, utiliZing multiple layers photonic crys 
tal 102', as shoWn in FIG. 10, may also form a photonic band 
gap crystal. Substrate 120, in this embodiment, may be 
formed from any material that has the desired optical, 
chemical, and mechanical properties for utiliZation in appa 
ratus 100. For example, in one embodiment, substrate 120 
may be formed from various glasses for those applications 
desiring substantial transparency in the visible portion of the 
electromagnetic spectrum. In a second embodiment, sub 
strate 120 may be a metal Wire such as tungsten or a tungsten 
alloy for those applications desiring substantial emission in 
the infrared or visible portion of the electromagnetic spec 
trum (eg an incandescent source heated to a high tempera 
ture). Any metal or alloy may be utiliZed the particular 
material chosen Will depend on the particular portion of the 
spectrum to be used and the desired intensity. In still other 
embodiments, substrate 120 may be a ?ber in, for example, 
a ?ber optic application or substrate 120 may be utiliZed as 
an optical component such as a rod lens. Such ?bers and 
optical components may be formed from various glasses, 
polymers or any other appropriate material having the 
desired optical properties for the particular application in 
Which it Will be utiliZed. Spheres 122, in this embodiment, 
may be formed from any material that is formable into 
spheres and provides the desired dielectric constant for the 
particular application in Which the photonic crystal is uti 
liZed. The siZe of the spheres generally ranges from a feW 
microns in diameter to a feW nanometers in diameter. Both 
the particular material utiliZed to form spheres 122 and the 
siZe of the spheres Will depend on the particular optical 
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4 
properties of the photonic crystal utiliZed in apparatus 100. 
For example, silica or polymer spheres may be utiliZed in 
those applications desiring a reduction in light lost as it 
propagates along an optical ?ber. Another example is the use 
of metal spheres to form high temperature ?laments for 
emitting light in the infrared and/or visible portions of the 
electromagnetic spectrum. Still another example is to use 
spheres having a differential solubility over an in?ltration 
material to form inverse opal structures such as silica 
spheres removed by hydro?uoric acid in a tungsten inverse 
opal structure. Further, the photonic crystal may be formed 
utiliZing spheres having different siZes. A Wide variety of 
combinations of different sphere siZes may be used in the 
present invention. For example, each successive layer of 
spheres may increase or decrease in siZe, or the siZe of 
spheres may alternate in successive layers or every nth layer 
may vary or an alternating group of layers may be varied. In 
addition, spheres of different siZes also may be utiliZed to 
form a single layer such as in the formation of a binary 
(AB2) colloidal crystal. 
An alternate embodiment of the present invention is 

shoWn in a perspective vieW in FIG. 2a. In this embodiment, 
apparatus 200 includes substrate 220 having generally a 
cylindrically shaped outer surface. HoWever, in alternate 
embodiments, substrate 220 may have any curved shape 
forming a substantially rod-like substrate. Substrate 220 
includes multiple layers of spheres 222 disposed on the outer 
or external surface of substrate 220 as illustrated in a 
cross-sectional vieW in FIG. 2b; hoWever, in alternate 
embodiments, a single layer of spheres 222 also may be 
utiliZed. In this embodiment, the spheres form photonic 
crystal 202; however, in alternate embodiments, photonic 
crystal 202 may be formed utiliZing an inverse opal structure 
Where interstitial volume 224 betWeen the spheres is in?l 
trated and ?lled With a second material With the optional 
subsequent removal of spheres 222. In one particular 
embodiment, photonic crystal 202 forms a photonic band 
gap crystal including inverse opal band gap structures. In 
still other embodiments, various layers such as an adhesive 
layer or other layer having particular optical or dielectric 
properties may be disposed betWeen substrate 220 and 
photonic crystal 202. In this embodiment, photonic crystal 
202 is a coaxial, colloidal crystal tuned to yield a band gap 
in a desired spectral region. In addition in this embodiment, 
photonic crystal 202 fully encloses and/ or encircles the outer 
surface of substrate 220. For example, in those embodi 
ments, utiliZing a metal Wire, such as tungsten, the desired 
spectral region may be in the infrared or visible portions of 
the electromagnetic spectrum. In one embodiment, substrate 
220 may be a tungsten Wire With a tungsten inverse opal 
structure disposed on the outer surface of substrate 220 
forming an incandescent ?lament. In addition, the Wire may 
be formed into various shapes, such as a spiral shape. In a 
second embodiment, substrate 220 also may be a tungsten 
Wire With tungsten spheres or other metal With a loW vapor 
pressure at high temperatures forming the colloidal crystal. 
In still other embodiments, substrate 220 may be an optical 
?ber Where photonic crystal 202 is tuned to reduce the 
amount of light lost in the optical ?ber during use, or 
substrate 220 may be a lens such as a rod lens. 
An alternate embodiment of the present invention is 

shoWn in a perspective vieW in FIG. 3a. In this embodiment, 
apparatus 300 includes substrate 320 having generally a 
cylindrically shaped tubular structure. HoWever, in alternate 
embodiments, substrate 320 may have any curved shape 
forming essentially a tubular-like structure. Substrate 320 
includes multiple layers of spheres 322 disposed on the outer 
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or external surface of substrate 320 as illustrated in a 
cross-sectional vieW, in FIG. 3b. In this embodiment, the 
spheres form photonic crystal 302; however, in alternate 
embodiments, photonic crystal 302 may be formed utilizing 
an inverse opal structure. In one particular embodiment 
photonic crystal 302 forms a photonic band gap crystal 
including inverse opal band gap structures. In still other 
embodiments, various layers such as an adhesive layer or 
other layer having particular optical or dielectric properties 
may be disposed betWeen substrate 320 and photonic crystal 
302. In this embodiment, photonic crystal 302 is a colloidal 
crystal tuned to yield a band gap in a desired spectral region. 
An alternate embodiment is illustrated in FIG. 30 Where 
substrate 320 includes multiple layers of spheres 322 dis 
posed on both the external surface and the inner or internal 
surface of substrate 320 to form photonic crystals 302 and 
302'. Photonic crystals 302 and 302' illustrated in FIG. 30 
may also include inverse opal structures as Well as combi 
nations of a colloidal crystal and an inverse opal structure. 
In addition, the photonic crystals may be formed utiliZing 
spheres having different siZes as previously described for the 
embodiments shoWn in FIGS. lailc. 
An alternate embodiment of the present invention is 

shoWn in a perspective vieW in FIG. 4. In this embodiment, 
apparatus 400 includes ?lament 430 disposed Within, and 
substantially coaxial With, substrate 420 Which has a cylin 
drically shaped tubular structure. Substrate 420 includes 
multiple layers of spheres 422 disposed on the outer or 
external surface of substrate 420; hoWever, in alternate 
embodiments a single layer of spheres may be utiliZed. 
HoWever, in an alternate embodiment, spheres 422 may be 
disposed on both the external surface and the inner or 
internal surface of substrate 420 to form multiple photonic 
crystals. In this embodiment, substrate 420 is sufficiently 
transparent to provide the desired optical performance; 
hoWever, in alternate embodiments, substrate 420 may be 
removed after the formation of the colloidal crystal, such as 
by etching, so that the optical properties of the substrate 
Would not be important. In this embodiment, the spheres 
form photonic crystal 402; hoWever, in alternate embodi 
ments, photonic crystal 402 may be formed utiliZing an 
inverse opal structure. In one particular embodiment pho 
tonic crystal 402 forms a photonic band gap crystal includ 
ing inverse opal band gap structures Where the photonic 
crystal is tuned to yield a band gap in a desired spectral 
region in the infrared or visible region of the electromag 
netic spectrum as represented by arroWs 410. In one embodi 
ment, ?lament 430 is a tungsten Wire and photonic crystal 
402 is tuned to pass visible light providing for an incandes 
cent source having higher ef?ciency compared to conven 
tional incandescent sources. In alternate embodiments, ?la 
ment 430 may be formed from other metals, including other 
refractory metals such as Ta, Mo, and Re, or cermets. In 
addition, photonic crystal 402, may, for example, be tuned to 
pass infrared radiation in a desired region. Again providing 
higher ef?ciency compared to conventional sources. In still 
another embodiment of the present invention apparatus 500 
includes spiral ?lament 530 disposed Within and substan 
tially coaxial With substrate 520 as illustrated in a perspec 
tive vieW in FIG. 5. Substrate 520 includes multiple layers 
of spheres 522 disposed on the outer surface of substrate 
forming photonic crystal 502; hoWever in alternate embodi 
ments, photonic crystal 502 may also be formed utiliZing a 
single layer of spheres or an inverse opal structure. As 
described previously for the embodiment shoWn in FIG. 4 
the combination of spiral ?lament 530 and photonic crystal 
502 generally provides for more ef?cient infrared and visible 
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6 
light sources as represented by arroWs 510. In still another 
embodiment, a photonic crystal may be formed directly on 
the outside surface of the coiled ?lament Where the photonic 
crystal formed on the ?lament and the photonic crystal 
formed on the tubular structure are optimiZed to provide a 
more ef?cient light source. 
The colloidal crystals shoWn in FIGS. 1*5 may be formed 

by a variety of techniques. For example, sedimentation, and 
evaporation may be utiliZed to deposit monolayer and mul 
tilayer spheres on a substrate. TWo exemplary techniques 
have been used to form multilayer spheres on convex 
surfaces. The substrate is suspended and/or immersed in a 
solution so that the longitudinal axis of the substrate is 
essentially perpendicular to the meniscus formed by the 
solution. The solution includes a mixture of spheres and a 
solvent. For example the solution may include silica spheres 
or polymeric spheres, such as polystyrene, suspended in an 
ethanol solvent. Generally, the volume fraction of spheres is 
in the range from about 1 percent to about 10 percent. AWide 
variety of solvents may be utiliZed such as Water, ethanol, 
methanol, propanol, and hexanes. After suspending and/or 
immersing the substrate in the solution the solution is 
alloWed to evaporate. Depending on the siZe of spheres and 
the material utiliZed to form the spheres the evaporation may 
be carried out anyWhere from room temperature up to just 
beloW the boiling point of the solvent. For example, for 
silica spheres having a diameter less than about 500 nanom 
eters the solution may be evaporated at or near room 
temperature, Whereas for silica spheres having a diameter 
greater than about 500 nanometers the solution may be 
evaporated at or near its boiling point. Generally, When the 
solution is heated above room temperature the vessel hold 
ing the solution is enclosed and partially sealed so that the 
solution may evaporate in a controlled manner and convec 
tion currents in the solvent substantially hinder the spheres 
from settling. The thickness or number of layers of spheres 
deposited may be controlled by varying the speed of evapo 
ration, the volume fraction of spheres in suspension, or 
combinations of both. In addition, thicker colloidal crystals 
also may be formed by carrying out multiple deposition 
cycles. To hinder the peeling off or partial redispersion of the 
previously deposited ?lms during subsequent depositions it 
has been found to be advantageous to sinter the spheres. For 
example, in those embodiments utiliZing silica spheres sin 
tering may be carried out utiliZing tetramethyl orthosilicate 
for several minutes at about 800 C. Another example is to 
heat silica spheres to about 6000 C. to improve the structural 
integrity of the colloidal crystal Without utiliZing a sintering 
agent. In still other embodiments, other sintering agents, 
times, and temperatures also may be utiliZed. The particular, 
sintering agent, time, and temperature is application speci?c 
because sintering may affect the ?lling factor or optical 
properties of the photonic crystal or various combinations of 
both. In addition, multilayer colloidal crystals having dif 
ferent colloidal sphere siZes may be formed utiliZing mul 
tiple depositions. For example, AB, ABA, ABC multilayer 
crystals may be formed Where the letters A, B, and C each 
represent at least one layer of spheres having a different 
sphere diameter from the other letters. In still other embodi 
ments, multiple siZed spheres also may be utiliZed in a single 
solution to generate, for example, binary AB2 crystal struc 
tures. Further, the spheres of different siZes may be formed 
utiliZing different materials have different dielectric con 
stants generating a colloidal crystal having a spatially vary 
ing dielectric constant. It may also be desirable, depending 
on the particular application in Which the photonic crystal 
Will be utiliZed, to generate or create portions of the sub 
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strate surface free of the spheres. In such embodiments, 
patterning of the substrate may be generated by selectively 
applying a sacri?cial layer in those areas Where it is desired 
that the spheres do not form. For example, in the embodi 
ment shown in FIG. 4, the internal surface of substrate 420 
may be coated or ?lled With a polyamic acid solution Which 
may be removed at a later time utiliZing a solvent such as 
N,N-dimethylacetamide (DMAC) or N-methyl-2-pyrroli 
done (NMP), or a strong basic solution such as potassium 
hydroxide (KOH). A Wide variety of inorganic or organic 
sacri?cial materials may be utiliZed. The particular material 
chosen Will depend on various factors such as the particular 
spheres, solvent, and temperature utiliZed to form the col 
loidal crystal. 

For those embodiments utiliZing an inverse opal crystal 
structure a variety of deposition techniques may be utiliZed 
to ?ll the interstitial volume formed betWeen the spheres 
such as atomic layer deposition (ALD), chemical vapor 
deposition (CVD), electro-deposition, and electroless depo 
sition and other Wet in?ltration methods. An exemplary 
technique utiliZes atomic layer deposition to ?ll or in?ltrate 
the interstitial volume of the colloidal crystal. In one 
embodiment a tungsten inverse opal structure may be gen 
erated utiliZing altemating exposures of the colloidal crystal 
to tungsten hexa?uoride (W136) and silicon hydride (e.g. 
SiH4, Si2H6, Si3H8 and mixtures of various silicon 
hydrides). The tungsten ?lm groWth may be achieved uti 
liZing an alternating sequence of exposures of WP6 and 
SiZH6 in the temperature range from about 100° C. to about 
4000 C. It is believed that the disilane reactant serves a 
sacri?cial role to strip ?uorine from tungsten limiting the 
incorporation of silicon into the ?lm; hoWever, the present 
invention is not limited to such a mechanism. Other chem 
istries also may be utiliZed such as tungsten hexacarbonyl as 
a tungsten precursor material and boron compounds such as 
a boron hydride as a reducing agent. In alternate embodi 
ments, other silicon hydrides also may be utiliZed. In still 
other embodiments a Wide range of inorganic materials also 
may be utiliZed. Tungsten nitride, titanium dioxide, graphite, 
diamond, tungsten carbide, hafnium carbide, and indium 
phosphide are just a feW examples. After the interstitial 
volume in the crystal is ?lled or substantially ?lled the silica 
spheres may then be removed by soaking in a aqueous 
hydro?uoric acid solution (i.e. typically about 2 Weight 
percent) to form inverse opal photonic crystal 604 as illus 
trated in FIG. 6b. FIGS. 6a and 6b illustrate the differences 
betWeen a colloidal crystal and an inverse opal crystal. FIG. 
611 represents a portion of colloidal crystal 604 Which has a 
close-packed geometry; Whether the structure is face-cen 
tered cubic, hexagonal close-packed or randomly stacked 
With each sphere 626 touching six other spheres in one layer. 
Interstitial volume 624 is the volume of the crystal not 
occupied by spheres 626. FIG. 6b represents a portion of an 
inverse opal photonic crystal 604' Where interstitial volume 
624 has been in?ltrated or ?lled With an inorganic material 
and spheres 626 have been removed. The particular inor 
ganic material utiliZed Will depend on the particular appli 
cation in Which the photonic crystal is utiliZed. ALD pro 
vides an exemplary technique for thin ?lm deposition in 
deep structures, complex structures, or both. In addition, 
ALD also provides control in the chemical composition of 
the deposited ?lm by selection of various precursors, various 
deposition temperatures and pressures, and combinations of 
these parameters. Further, the generally loW deposition rates 
(i.e. typically on the order of a feW tenths of a nanometer per 
cycle) alloWs for a more uniform groWth rate and more 
uniform thickness control in the narroW voids formed in the 
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8 
colloidal crystal providing a cost-effective process to fabri 
cating photonic band gap structures. 

What is claimed is: 
1. An apparatus, comprising: 
a substrate, Wherein at least a portion of said substrate has 

a convex surface; and 
a colloidal photonic crystal disposed over said convex 

surface, Wherein said colloidal crystal is substantially 
conformal to at least a portion of said convex surface. 

2. The apparatus in accordance With claim 1, Wherein said 
colloidal crystal further comprises: 

a plurality of ?rst spheres having a ?rst diameter; and 
a plurality of second spheres having a second diameter. 
3. The apparatus in accordance With claim 2, Wherein said 

colloidal crystal further comprises a ?rst layer having said 
plurality of ?rst spheres, and a second layer having said 
plurality of second spheres. 

4. The apparatus in accordance With claim 2, Wherein said 
colloidal crystal further comprises a ?rst layer having said 
plurality of ?rst spheres and an n th layer having said 
plurality of second spheres, Wherein n is an integer greater 
than one. 

5. The apparatus in accordance With claim 2, Wherein said 
colloidal crystal further comprises a ?rst layer having said 
plurality of ?rst spheres alternating With a second layer 
having said plurality of second spheres. 

6. The apparatus in accordance With claim 2, Wherein said 
colloidal crystal further comprises a ?rst group of layers 
having said plurality of ?rst spheres alternating with a 
second group of layers having said plurality of second 
spheres. 

7. The apparatus in accordance With claim 2, Wherein said 
plurality of ?rst spheres and said plurality of second spheres 
form a binary colloidal crystal. 

8. The apparatus in accordance With claim 1, Wherein said 
colloidal crystal further comprises metal spheres. 

9. The apparatus in accordance With claim 1, Wherein said 
colloidal crystal further comprises spheres having a differ 
ential solubility over an in?ltration material. 

10. The apparatus in accordance With claim 1, Wherein 
said colloidal photonic crystal further comprises a layer of 
spheres. 

11. The apparatus in accordance With claim 1, Wherein 
said colloidal photonic crystal further comprises photonic 
band gap crystal. 

12. The apparatus in accordance With claim 1, Wherein 
said colloidal photonic crystal further comprises a spatially 
periodic structure. 

13. An apparatus, comprising: 
a substrate, Wherein at least a portion of said substrate has 

a convex surface; and 
an inverse opal crystal structure disposed over said con 

vex surface, 
Wherein said inverse opal crystal structure is substantially 
conformal to at least a portion of said convex surface. 

14. The apparatus in accordance With claim 13, Wherein 
said inverse opal crystal structure includes a refractory 

metal. 
15. The apparatus in accordance With claim 1, Wherein 

said convex surface further comprises a substantially cylin 
drically shaped surface. 

16. The apparatus in accordance With claim 15, Wherein 
said substantially cylindrically shaped surface further com 
prises a ?lament. 

17. The apparatus in accordance With claim 16, Wherein 
said ?lament further comprises a metal Wire. 
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18. The apparatus in accordance With claim 16, wherein 
said metal Wire further comprises a refractory metal Wire. 

19. The apparatus in accordance With claim 16, Wherein 
said ?lament further comprises an optical ?ber. 

20. The apparatus in accordance With claim 15, Wherein 
said substantially cylindrically shaped surface further com 
prises a tubularly-shaped structure having an outer surface, 
Wherein said colloidal photonic crystal is disposed over and 
conformal to at least a portion of said outer surface of said 
tube. 

21. The apparatus in accordance With claim 20, Wherein 
said tubularly shaped substrate is substantially optically 
transparent in the visible portion of the electromagnetic 
spectrum. 

22. The apparatus in accordance With claim 20, further 
comprising a metal Wire disposed at least partially Within 
said tubularly shaped substrate. 

23. The apparatus in accordance With claim 22, Wherein 
said metal Wire further comprises a spirally Wound metal 
Wire ?lament. 

24. The apparatus in accordance With claim 23, Wherein 
said spirally Wound metal Wire ?lament further comprises a 
photonic crystal conformal to and disposed on at least a 
portion of said spirally Wound metal Wire ?lament. 

25. The apparatus in accordance With claim 1, Wherein 
said convex surface forms at least a portion of an optical 
component such as a lens. 

26. The apparatus in accordance With claim 25, Where in 
said lens further comprises a rod lens. 

27. The apparatus in accordance With claim 1, Wherein 
said substrate further comprises a tubularly shaped substrate 
having at least a portion of an external surface of said 
tubularly substrate forming said convex surface. 

28. The apparatus in accordance With claim 27, Wherein 
said colloidal photonic crystal is disposed over and confor 
mal to said external surface of said tubularly shaped sub 
strate. 

29. The apparatus in accordance With claim 28, further 
comprising a metal Wire disposed at least partially Within 
said tubularly shaped substrate. 

30. The apparatus in accordance With claim 29, Wherein 
said metal Wire further comprises a spirally Wound metal 
Wire ?lament. 

31. The apparatus in accordance With claim 30, Wherein 
said spirally Wound metal Wire ?lament further comprises a 
photonic crystal conformal to and disposed on at least a 
portion of said spirally Wound metal Wire ?lament. 

32. The apparatus in accordance With claim 1, Wherein 
said substrate further comprises a rod-like substrate. 

33. The apparatus in accordance With claim 32, Wherein 
said rod-like structure further comprises a ?lament. 

34. The apparatus in accordance With claim 33, Wherein 
said ?lament further comprises a metal Wire. 

35. The apparatus in accordance With claim 34, Wherein 
said metal Wire further comprises a refractory metal Wire. 

36. The apparatus in accordance With claim 33, Wherein 
said metal Wire further comprises a spatially Wound metal 
Wire. 

37. The apparatus in accordance With claim 36, Wherein 
said spirally Wound metal Wire further comprises a photonic 
crystal conformal to and disposed on at least a portion of 
said spirally Wound metal Wire. 

38. The apparatus in accordance With claim 1, Wherein 
said substrate further comprises said substrate having an 
external closed surface. 
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39. The apparatus in accordance With claim 1, Wherein 

said substrate further comprises a conically-shaped sub 
strate. 

40. The apparatus in accordance With claim 1, Wherein 
said 

substrate further comprises a spherically-shaped sub 
strate. 

41. The apparatus in accordance With claim 1, Wherein 
said substrate further comprises cylindrically-shaped sub 
strate having a cylindrical axis, Wherein said colloidal pho 
tonic crystal substantially encircles said cylindrical axis. 

42. The apparatus in accordance With claim 41, further 
comprising an inner photonic crystal disposed on an internal 
surface of said cylindrically shaped substrate, Wherein said 
inner photonic crystal substantially encircles said cylindrical 
axis. 

43. The apparatus in accordance With claim 41, further 
comprising a metal Wire disposed in said cylindrically 
shaped substrate and substantially coaxial With said cylin 
drical axis. 

44. A method of manufacturing a photonic crystal, com 
prising forming an inverse opal photonic crystal over at least 
a portion of a convex surface, Wherein the inverse opal 
photonic crystal is conformal to at least a portion of said 
convex surface. 

45. A method of manufacturing a photonic apparatus, 
further comprising: 

forming tWo or more layers of spheres over and conformal 
to a convex surface of a substrate; and 

forming a second material in said void spaces. 
46. The method in accordance With claim 45, further 

comprising substantially ?lling said void spaces With said 
second material. 

47. The method in accordance With claim 46, further 
comprising removing said spheres to form an inverse opal 
crystal. 

48. The method in accordance With claim 45, Wherein said 
spheres have a sphere dielectric constant and said second 
material has a dielectric constant different from said sphere 
dielectric constant. 

49. The method in accordance With claim 45, further 
comprising immersing said convex surface in a mixture of 
spheres and a solvent. 

50. The method in accordance With claim 49, Wherein 
immersing said convex surface further comprises immersing 
said convex surface so that a long axis of said convex 
surface is substantially perpendicular to a meniscus formed 
by said mixture. 

51. The method in accordance With claim 45, further 
comprising suspending said convex surface in a mixture of 
spheres and a solvent. 

52. The method in accordance With claim 51, Wherein 
suspending said convex surface further comprises suspend 
ing said convex surface so that a long axis of said convex 
surface is substantially perpendicular to a meniscus formed 
by said mixture. 

53. The method in accordance With claim 45, further 
comprising cleaning said convex surface. 

54. The method in accordance With claim 45, Wherein 
forming at least one layer of spheres further comprises 
forming at least one layer of spheres utiliZing a mixture of 
spheres in a solvent. 

55. The method in accordance With claim 54, further 
comprising removing said solvent. 

56. The method in accordance With claim 55, Wherein 
removing said solvent further comprises evaporating said 
solvent. 
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57. The method in accordance With claim 45, further 
comprising forming a sacri?cial layer over at least a portion 
of a substrate that forms said convex surface. 

58. The method in accordance With claim 45, further 
comprising etching a substrate that forms said convex sur 
face. 

59. A method of using an inverse opal photonic crystal, 
comprising transmitting at least a portion of the electromag 
netic spectrum through a convex surface forming at least a 
portion of the inverse opal photonic crystal. 

60. The method in accordance With claim 59, further 
comprising heating an incandescent ?lament, Wherein at 
least a portion of the inverse opal photonic crystal encircles 
said incandescent ?lament. 

61. The method in accordance With claim 60, Wherein the 
inverse opal photonic crystal is disposed on said incandes 
cent ?lament. 

62. The method in accordance With claim 61, Wherein said 
incandescent ?lament includes a refractory metal. 

63. The method in accordance With claim 60, Wherein the 
inverse opal photonic crystal further comprises a tubularly 
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shaped inverse opal photonic crystal, and said incandescent 
?lament is disposed Within said tubularly-shaped inverse 
opal photonic crystal. 

64. An apparatus, comprising: 
substrate, Wherein at least a portion of said substrate has 

a convex surface; and 
means for forming a colloidal photonic crystal disposed 

over and substantially conformal to said convex sur 
face. 

65. The apparatus in accordance With claim 64, Wherein 
said means for forming said colloidal photonic crystal 
further comprises forming a polymeric colloidal crystal. 

66. The apparatus in accordance With claim 64, Wherein 
said means for forming said colloidal photonic crystal 
further comprises forming a photonic band gap crystal. 

67. The apparatus in accordance With claim 66, Wherein 
said means for forming said colloidal photonic crystal 
further comprises forming a refractory metal colloidal pho 
tonic crystal. 
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